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MATLABAbstract Earlier reports indicate that ethanol/bioethanol can replace conventional diesel fuel by
15%, when it is emulsiﬁed with diesel and used as an alternative fuel in a compression ignition
(CI) engine. In this study, initially BMDE15, a bioethanol emulsion containing 15% bioethanol,
84% diesel and 1% surfactant was characterised for its fuel properties and compared with those
of diesel fuel properties. The numerical value indicates the percentage of bioethanol in the BMDE15
emulsion. For the investigation, bioethanol was obtained from the Mahua Indica ﬂower which was
collected from the Madhuca Indica tree, and it was produced from fermentation process using Sac-
charomyces cerevisiae. Further, the BMDE15 emulsion was tested in a single cylinder, four stroke,
air cooled, DI diesel engine developing a power of 4.4 kW at a rated speed of 1500 rpm. Two impor-
tant combustion parameters: cylinder pressure and ignition delay, and two important emission
parameters: nitric oxide (NO) and smoke emissions were determined and compared with those of
diesel operation at all loads. The experimental results were validated using mathematical modelling,
and the analysis of the results is presented in this paper.
 2015 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Ethanol is considered to be a potential alternative fuel for
transport applications. It can be derived from a variety ofsources. Although ethanol has been used in the form of a blend
with gasoline, in spark ignition (SI) engines in the last three dec-
ades, the use of ethanol in compression ignition (CI) engines is
of more interest because of the wider acceptance of CI engines
in many applications [1]. Ethanol derived from biomass
materials known as bioethanol is paid more attention because
it can be derived from a variety of biomass materials which
are renewable and abundantly available [2,3]. Numerous
research works have been documented to use in the form of
blending/emulsion, fumigation, dual injection, surface ignition,
Table 1 Properties of diesel and BMDE15.
Description Diesel BMDE15
Chemical formula C16H34 C5.471H6.039O
Molecular weight 170 48
Viscosity at 40 C, cSt 2.4 1.73
Carbon 86 65.65
Hydrogen 13.60 10.21
Nitrogen 0.18 0.14
Sulfur 0.22 0.01
Oxygen by diﬀerence 0 24
994 M. Sivalingam et al.etc. in CI engines [4]. In recent years the study and control of
emissions from internal combustion (IC) engines have been
highly concentrated.
Theoretical analysis accomplished by mathematical mod-
elling or numerical solutions using computer program or com-
putational ﬂuid dynamics (CFD) can give more fruitful
predictions on the engine parameters [5]. The simulation model
by MATLAB program for numerical solution was used to
analyse the engine parameters of a single cylinder 3.5 kW rated
power diesel engine fuelled with diesel, Palm Oil Methyl Ester
and POME-diesel blends [6]. The results reported that, the sim-
ulated results on the brake thermal efﬁciency and in-cylinder
pressure were closer by about 2–3% to the experimental
results. A single-zone thermodynamic model was developed
for a diesel engine fuelled with biodiesel from waste [6]. The
single zone model coupled with a triple-Wiebe function was
performed to simulate heat release and cylinder pressure. It
was reported that, the heat release rate and cylinder pressure
predicted were 2.5% and 2.2% closer to the experimental
results of the engine. A two dimensional, multi-zone model
was developed for a DI diesel engine run with the ethanol–
diesel blend [7] and vegetable oil, bio-diesel and diesel [8].
The simulation model was supported by Fortran V language
and solved numerically by solution marching technique with
a computational step size of 1 crank angle. The heat transfer
formulations used in a diesel engine under different operating
conditions were computed using computational ﬂuid dynamics
(CFD) codes [9] was evaluated and compared with the exper-
imental data. The model predicted more accurately the heat
transfer during the compression stroke for motored operation
and at the same time the predicted peak heat ﬂux was closer to
the experimental results. A quasi-dimensional, multi-zone,
direct injection (DI) diesel combustion model has been devel-
oped and implemented in a full cycle simulation of a tur-
bocharged engine. Predictions of heat release rate, as well as
NO and soot emissions are compared with experimental data
obtained from representative heavy-duty, turbocharged diesel
engines. It is demonstrated that the model can predict the rate
of heat release and engine performance with high ﬁdelity.
However, additional effort is required to enhance the ﬁdelity
of NO and soot predictions across a wide range of operating
conditions [10]. A quasi-dimensional, three-zone combustion
model of the diesel engine to calculate performance and
emissions using the diesel–ethanol dual fuel was developed
by Juntarakod [11]. A study was carried out using multizone
modelling to analyse the spray development of a diesel engine
run on vegetable oil, and biodiesel diesel blends [12]. It was
reported that the prediction of results from modelling was
more proximate than the experimental results. The computa-
tional time required was not affected in the multi-
dimensional modelling. The combustion model of a diesel
engine was developed using computational ﬂuid dynamics
(CFD) software-AVL Fire, and the performance and emission
characteristics for second generation biodiesel were analysed
[13]. The simulated results reported that, biodiesel provided
better performance and efﬁciency, and signiﬁcantly reduced
engine emissions. The quasi-dimensional, multi-zone (QDMZ)
models [14,15] were formulated by the quasi steady equations
which described the individual processes that occur in the
engine cylinder such as fuel atomisation, fuel injection, air
entertainment, air–fuel mixing, combustion and heat transfer.
A combustion model [16,17] was developed for the theoreticalDI diesel engine and performance parameters. It was reported
that the developed model could be adapted for an alternative
fuel in a diesel engine and the performance and cylinder pres-
sure results were closer to the theoretical.
In recent years, the validation of the experimental results
from mathematical modelling or simulation through advance
software is essential, so that the randomness of the results is
minimised. In this study, a mathematical modelling was devel-
oped to validate the experimental results obtained from a single
cylinder, four stroke, air cooled, DI diesel engine, that was run
on the BMDE15 emulsion. A MATLAB program was devel-
oped for a two zone model for the validation. One zone con-
sisted of pure air called the non-burning zone, and the other
consisted of fuel and combustion products, called the burning
zone. In order to obtain the cylinder pressure and temperature
by mathematical modelling, the ﬁrst law of thermodynamics
and the equation of state were used for both the zones. The
combustion parameters, such as ignition delay and heat release
rate the chemical equilibrium composition were calculated the-
oretically, using the two zone model. As the NO and soot emis-
sions are important in a CI engine, they were calculated using a
semi-empirical model. A comparison of the theoretical and
experimental results of the BMDE15 emulsion is presented in
this paper. A spray proﬁle of diesel and the BMDE15 emulsion
is also obtained using a MATLAB program and is presented.
2. Materials and method
In this experimental investigation, bioethanol obtained from the
Madhuca Indica ﬂower and emulsiﬁed with diesel (BMDE15)
was used as an alternative fuel in a single cylinder, four stroke,
direct injection (DI) diesel engine. Table 2 lists the important
properties of diesel and BMDE15. The complete procedure of
producing the bioethanol from the Madhuca Indica ﬂower has
already been described in [18]. The numeric value after BMDE
indicates the percentage of bioethanol in the emulsion. The
physicochemical properties of the BMDE15 emulsion are
shown in Table 1 in comparison with those of diesel.
The experimental set-up used in this investigation is shown
in Fig. 1. A series of tests were carried out on a single cylinder,
air cooled, stationary DI diesel engine that has a bore diameter
of 87.5 mm and a stroke length of 110 mm and a displacement
of 662 cm. The engine had a rated output of 4.4 kW 1500 rpm
with a compression ratio 17.5:1. The nozzle opening pressure
of the injector was 200 bar and the injection timing was
23 CA bTDC, set by the manufacturer.
The engine was coupled to an electrical dynamometer to
provide the brake load with an electric panel. Diesel and
Table 2 Important properties of diesel and BMDE15.
Properties ASTM
standard
Diesel BMDE15
Density at 40 C (kg/m3) D4052-11/
D4815
860 809
Lower heating value (MJ/kg) D 4809 43.8 35.34
Kinematic viscosity at 40 C
(cSt)
D 445 2.58 1.95
Cetane number D613 51 36
Flash point (C) D 2500 52 26
1. Engine 6. Crank angle encoder 12. Pressure transducer
2. Air box 7. Alternator 13. Data acquisition  card
3. U-tube Manometer 8. Load cell 14. Personal computer
4A.Diesel tank 9. Valve 15. AVL437C smoke meter
4B.Emulsion tank 10. Fuel injector 16. AVL Digas 444  analyser
5. Burette 11. Control panel 
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Figure 1 Experimental set-up.
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respectively. A fuel control valve was located in the fuel line
between diesel tank and alternative fuel tank, to allow either
diesel or emulsion fuel. The fuel consumption was measured
with the help of a fuel sensor, which was ﬁxed in the fuel line.
The emulsion was injected by the fuel injector of the system.
An air box was provided on the suction side of the air. Air
consumption was measured with the help of air sensor which
is ﬁtted on the air box. The exhaust gas temperature measured
by a K type thermocouple and input were given to the data
acquisition system. The data collected by the data acquisition
system from all the sensors for the corresponding loads
were displayed on the monitor of the computer. A water
cooled piezo-electric pressure transducer with a sensitivity of
12.5 pC/bar, was mounted on the cylinder head. A TDC
position sensor was ﬁxed on the ﬂywheel of the engine. The
pressure transducer and the TDC position sensor gave the
input to the data acquisition system. With the help of the pres-
sure measured at every crank angle, pressure–crank angle dia-
gram was drawn. For the emission measurements, an exhaust
gas analyser was used to measure the level of HC, CO2, CO,
and NO. A diesel smoke meter was used to measure the smoke
in the engine exhaust. Initially, the engine was operated with
diesel for obtaining the reference data.3. Mathematical modelling
3.1. Fuel model
3.1.1. Spray formation model
In a CI engine, the fuel air mixture is obtained inside the com-
bustion chamber of the engine. The injected fuel absorbs the
heat from the surrounding air and vapourises. Further, the fuel
vapour mixes with the available air in the cylinder. The fuel
injector plays an important role in the injection process,
because it atomises the liquid fuel into ﬁner droplets in the
form of a spray. Depending on the spray, the fuel air mixture
is obtained in the cylinder. The better the fuel spray, the better
the mixture formation. The combustion, performance and
emission of the engine are analysed with the help of a spray
pattern of the fuel. In this section, the two-dimensional,
multi-zone model of fuel sprays is developed, where the issuing
jet is divided into discrete volumes, called zones. The descrip-
tions of the model are discussed in the following subsections.
3.1.2. Fuel injection process
During the compression of ﬂuid in the fuel injection process, a
pressure wave is propagated down the connecting pipe at a
sonic speed, to open the needle of the injector. The speed of
sound is given by
as ¼
ﬃﬃﬃﬃﬃﬃﬃﬃ
Kbm
q1
s
ð1Þ
Then, the time for the pressure wave to travel down the
connecting pipe length (LpÞ i.e. injection delay was expressed
by
Duinjdel ¼
Lp
as
 
6N ð2Þ
The pressure wave in the injector nozzle holes has a magni-
tude of
Dpw ¼ asq1cpump Fpump=Fnozzle
  ð3Þ
996 M. Sivalingam et al.where Fpump and Fnozzle are the cross sectional areas of the pump
barrel and of the total of the nozzle holes.
3.1.3. Fuel jet break-up point and initial angle
To obtain the location of the spray tip as a function of
time, based on the relevant experimental data and turbulent
jet theory, a correlation developed by Arai et al. [19] is
incorporated in the modelling. Other correlations [20,21]
are also used to obtain the fuel break-up point, swirling
motion of the air and spray penetration containing the swirl
ratio.
The mean jet velocity from each nozzle hole is given by
uinj ¼ Cd
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2Dpinj=q1
q
ð4Þ
The Cd value was taken as 0.39.
The mean fuel injection rate per jet (kg/CA) is given as
mfinj ¼ pD2n=4
 
quinj=6N ð5Þ
For the given global air to fuel ratio, the total fuel mass to
be injected in the cycle mftot is ﬁxed, if the total air mass
trapped in the cylinder matot is known. Then, the value of the
total duration of the fuel injection is given in degrees of the
crank angle,
Duinj ¼ mftot=Z
 
=mfinj ð6Þ
The spray development will continue until the penetration
of each spray reaches a value of ðD=2þ pD=zÞ, or until it
entrains the maximum quantity of air equal to matot=z.
The break-up time tbr was obtained by equating the two
spray penetration correlations before and after tbr, correspond-
ing to the break-up length S ¼ Sbr
S ¼ 0:39
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2Dpinj=q1  t
q
for 0 < t 6 tbr ð7Þ
S ¼ 2:95 Dpinj=qa
 0:25 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Dn  t
p
for tP tbr ð8Þ
Then tbr is given by
tbr ¼ 28:61q1 Dn
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qa  Dpinj
q
ð9Þ
where qa is the density of air inside the cylinder just before the
beginning of the combustion of fuel.
The break-up length is given as
Sbr ¼ uinj  tbr ð10Þ
The break-up length with the swirl ratio can be written as
Sbrs ¼ Sbr 1þ p  Rs N  Sbr=30  uinj
 1 ð11Þ
The corresponding break-up time is given by
tbrs ¼ Sbrs=uinj ¼ Sbrs=Sbrð Þ  tbr ð12Þ
The initial spray angle (rad) is [22]
h ¼ 2 arctan 1
A
4p
ﬃﬃﬃﬃﬃ
qa
q1
r ﬃﬃﬃ
3
p
6
 !
ð13Þ
where A is constant and given by the empirical relations,
A ¼ 3þ 0:28 Ln=Dnð Þ ð14Þ3.1.4. Fuel spray development
The following steps are used for the spray development of each
zone,
(a) For axial zones, the zones are taken as imax ¼ Duinj=Du,
and for radial zones, they are divided into jmax ¼ imax=2
to imax. The instantaneous fuel injection velocity and injec-
tion rate in each spray, using instantaneous values of
Dpinj ¼ Dpw are given as
uinj ið Þ ¼ Cd
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2DpinjðiÞ=q1
q
ð15ÞAndmfinjðiÞ ¼ pD2n=4
 
quinjðiÞ=6N ð16Þ
Then the cumulative fuel injected in each spray is,mfinj ið Þ ¼
Z u
0
minj ið Þdu ð17Þ(b) The fuel is distributed equally into the radial zones jmax at
each crank angle in steps of ‘‘i”, which is given by the fol-
lowing equation,
mfinj ið Þ ¼ minj ið Þdu=jmax ð18Þ(c) The Sauter mean diameter (DSM ) is calculated for each
step.
(d) The mid zone is selected as
jmid ¼ jmax=2þ 1 ð19Þ(e) The mid-zone penetration in the radial distance from the
cylinder axis is calculated as
rmid ið Þ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x2 i; jmidð Þ þ y2 i; jmidð Þ
p
ð20Þ(f) The mid-zone velocity in each crank angle step ið Þ is calcu-
lated as
umid ið Þ ¼ 2:95b DpinjðiÞ=qa
 0:25 ﬃﬃﬃﬃﬃﬃ
Dn
p 1
t1b
ð21Þ(g) The centre line angle for each zone is given as
hz i; jð Þ ¼  h
2
þ j 1
jmax
hþ h
2jmax
ð22Þ(h) The velocity distribution for a lower axis penetration
located at the jet periphery for each zone is calculated
as
uz i; jð Þ ¼ umid ið Þ exp ah2zði; jÞ
 	 ð23Þwhere a ¼ 4:52
(i) The swirl coefﬁcient before the wall impingement is calcu-
lated by the following equation,
Cswz i; jð Þ ¼ 1þ pRnN
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x2 i; jmidð Þ þ y2 i; jmidð Þ
p
30uzði; jÞ ð24Þ
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dinates of x and y are calculated from the previous step.(j) Also the drop of the Sauter mean diameter from the centre
line of the spray with increasing distance is considered as
DSM i; jð Þ ¼ 1 1
w
 
DSMMðiÞ þ 2
w
 
DSMMðiÞðj 1Þ=ðjmid  1Þ
ð25Þ
where w is in the range of 5–10.(k) The number of droplets in each zone is also calculated with
the following mathematical relation:
Ndrop i; jð Þ ¼ mfz ið Þ= p=6ð Þ½ DSM i; jð Þ3q1 ð26Þ
e zone velocity with swirl is calculated as(l) Th
uzs i; jð Þ ¼ uz i; jð Þ=Cswz i; jð Þ ð27Þ(m)The mass of air in each zone is calculated as
maz i; jð Þ ¼ mfz ið Þ uinj ið Þ  uzs i; jð Þ cos hz i; jð Þ
uzs i; jð Þ cos hz i; jð Þ ð28Þ(n) The fuel air equivalence ratio of the zone is,
£z i; jð Þ ¼
mfz ið Þ=maz i; jð Þ
1
AFst

  ð29Þ
(o) The effect of swirl for each zone on the angle is considered
as
(i) For j < jmid ,
hzs i; jð Þ ¼ hz i; jð ÞCswzði; jÞ2 ð30Þ
For j ¼ jmid ,(ii)
hzs i; jmidð Þ ¼
1
2
hzs i; jmidð Þ þ
1
2
hzs i; jmid  1ð Þ ð31ÞFor j > jmid ,(iii)
hzs i; jð Þ ¼ hz i; jð Þ þ hzs i; jmidð Þ ð32Þ(p) The location of the co-ordinates for each zone is calculated
with the following equation:
(i) Before the wall impingement,x i; jð Þ ¼ x0 i; jð Þ þ uzs i; jð Þ cos hzs i; jð ÞDu
6N
ð33Þ
y i; jð Þ ¼ y0 i; jð Þ þ uzs i; jð Þ sin hzs i; jð Þ
Du
6N
ð34Þ(ii) After the wall impingement,x i; jð Þ ¼ rzimp i; jð Þ cos hzs i; jð Þ ð35Þ
y i; jð Þ ¼ rzimp i; jð Þ sin hzs i; jð Þ ð36Þ3.1.5. Fuel droplet evaporation
The fuel evaporation in each zone is considered with the
calculation of the Sauter mean diameter, which is given by
the following relations:DSM;1 ¼ 0:38Re0:25inj We0:32inj v1=vað Þ0:37
q1
qa
 0:47
Dn ð37Þ
DSM;2 ¼ 4:12Re0:12inj We0:75inj v1=vað Þ0:45
q1
qa
 0:18
Dn ð38Þ
Also, the equivalence ratio for each zone is calculated using the
evaporation model,
£zvap i; jð Þ ¼
mfzvap ið Þ=maz i; jð Þ
1
AFst

  ð39Þ3.1.6. Calculation of Whitehouse–Way fuel preparation rate
constant
After the fuel is injected into the cylinder chamber, it will
undergo physical and chemical processes for burning
inside the chamber. In the physical process, the fuel gets
atomised, heated, evaporated and mixed with sufﬁcient air to
form the charge mixture. Then, the chemical kinetic reactions
occur, to burn the mixture in the chemical process. The
Whitehouse and Way model [23] was used for the comparison
of the results obtained from the fuel evaporation model. So,
the penetration rate proposed by the Whitehouse–Way model
was given as
dmpr
du
¼ Kprm1xinj mxfuppmox ð40Þ
where
mfinj ¼
Z u
0
dmfinj
du
du ð41Þ
mfup ¼ mfinj 
Z u
0
dmfinj
du
du ð42Þ3.2. General description of the model
In this investigation, a single cylinder, four stroke, air cooled,
direct injection (DI) diesel engine is used. The combustion
chamber is a bowl in piston type and the fuel injector has a
three hole nozzle. The model used in this study is a two zone
thermodynamic model. It is assumed that the cylinder contains
a nonburning zone of air, and another burning zone in which
the fuel is continuously injected during injection and burnt
with the available air from the air zone. The model considers
only those processes which occur during the possession of
compression and expansion stroke. It is assumed that the inlet
and exhaust valves are fully closed during the stroke. The com-
pression process in practically all engines is a polytropic one,
which begins from the moment the inlet valve, closes and ends
when the injection process starts. The main calculation is based
on the integration of the ﬁrst law of thermodynamics and the
ideal gas equation. The following assumptions are made for
the analysis:
(a) The cylinder contains the non-burning zone and burning
zone.
(b) The pressure and temperature in each zone are uniform
and vary with the crank angle. The content of each zone
follows the perfect gas laws.
998 M. Sivalingam et al.3.2.1. Energy equations
During the compression stroke, only one zone (of pure air)
exists. Then, the ﬁrst law of thermodynamics for a closed sys-
tem is applied, together with the perfect gas state equation.
The change in internal energy is expressed [21] as follows:
dðmuÞ
dh
¼ dQr
dh
 dQh
dh
 dW
dh
ð43Þ
By replacing the work transfer term dW/dh with PdV/dh or by
the ideal gas law PV= mRT, the above Eq. (43) can be rear-
ranged as
m
du
dh
¼ dQr
dh
 hA dT
dh
 RTdV
dh
ð44Þ
where V is the instantaneous cylinder volume with respect to
the crank angle, which is given by
V¼Vclþ pD2=4
 
r 1þk1 cosu k2 sin2u 1=2h i ð45Þ
In the above equations, the term dQ is given as the fourth
order polynomial expression of the absolute temperature T,
including the enthalpy of formation at absolute zero.
The internal energy calculation as a function of tempera-
ture is as follows:
hi
RmolT
¼ ai1þai2=2Tþai3=3T2þai4=4T3þai5=5T4þai6=3T5
ð46Þ
ui ¼ hi RT ð47Þ
For the surrounding air zone, which only loses the mass
(air) to the burning zone, the ﬁrst law of thermodynamics
for the unburned zone is written as
dE ¼ dQ pdV hadma ð48Þ
The burning zone not only receives the mass from the air
zone, but also there is an enthalpy ﬂow from the fuel, which
is ready to be burned in the time step. So, the ﬁrst law of ther-
modynamics for the burning zone becomes
dE ¼ dQ pdVþ hadma þ hfdmf ð49Þ
The ﬁrst law of thermodynamics for the combustion in time
step dt is
fðEÞ ¼ EðT2Þ  EðT1Þ  dQþ dWþ dmf Qvs ¼ 0 ð50Þ
If f(E) is greater than the accuracy, the required new value of
T2 is calculated using the Newton–Raphson numerical
method. The unburned zone temperature is calculated using
the equation,
Tu ¼ Tsoc P
Psoc
 c1=c
ð51Þ3.2.2. Heat transfer model
The heat transfer between the cylinder trapped mass and the
surrounding walls is calculated, using the formula of Annand
[23]. The Annand formula to calculate the heat loss from the
cylinder, is
dQ=dt ¼ a kg
D
Reð Þb Tw  Tg
 þ c  T4w  T4g
  ð52ÞIn this equation ‘Tw’ is the cylinder wall temperature which is
assumed as 450 K, and a, b, and c are constants. The constant
values are taken as a= 0.2626, b= 0.6, c= 5.67 * 108 W/
m2/K.
3.2.3. Ignition delay
The time delay between the start of injection and the start of
combustion is deﬁned as the ignition delay period [24]. The
determination of the start of combustion (SOC) by selecting
the proper method is a key issue in ignition delay studies. In
the combustion model, the ignition delay is also taken into
account. The ignition delay period is calculated by integrating
Wolfer’s relation, using the trapezoidal rule [25].Z tign
tinj
dt
tðp;TÞ ¼
1
Ktinj
Z tign
tinj
dt
p tð Þð Þq exp E
RT tð Þ

  ¼ 1 ð53Þ
The values of various constants corresponding to a DI diesel
engine are K= 2272; q= 1.19; E/R= 4650.
Where K= thermal conductivity, q= heat losses and
E/R= activation energy/universal gas constant.
3.2.4. Wiebe’s combustion model
The Wiebe function is used to predict the mass fraction burnt
and the burn rate in IC engines, operating with different com-
bustion systems and fuels. Wiebe linked the chain chemical
reactions with the fuel reaction rate in IC engines and his
approach is based on the premise that a simple one-step rate
equation would not be adequate to describe the complex react-
ing systems, such as those occurring in an IC engine. The
Wiebe functions [26] for the non-dimensional burn fraction x
as a function of the degrees of crank angle can be written as
x ¼ 1 exp 6:908 h ho
Dh
 mþ1" #
ð54Þ
The heat release rate calculated with the help of the Wiebe
function is,
dQc
dh
¼6:908ðmþ1Þ Qav
Dh
 
hho
Dh
 m
exp 6:908 hho
Dh
 mþ1" #
ð55Þ
where x is the mass fraction burned, ho is the start of combus-
tion and Dh is the combustion duration. The parameter m
represents the rate of combustion. Qav is the heat released
per cycle. The value of m for both the fuels is taken as 3.0.
When calculating the heat release, prior knowledge of the
actual overall equivalence ratio is necessary. The term equiva-
lence ratio is deﬁned as the ratio of the actual air–fuel ratio to
the stoichiometric air–fuel ratio. This helps in ﬁxing the mass
of fuel to be admitted.
3.2.5. Chemistry of combustion
In a combustion process, the fuel and the oxidiser react to pro-
duce products of different compositions. The theory of com-
bustion is a complex one, and has been the topic of intensive
research for many years. Let us represent the chemical formula
of a fuel as CaHbOcNd. In the present case, it was considered
that 10 species were present in the combustion product, and
the combustion equation is given by:
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! m1CO2 þ m2H2Oþ m3N2 þ m4O2 þ m5COþ m6H2
þ m7Hþ m8Oþ m9OHþ m10NO ð56Þ
From the atomic balance of each species CAHAOAN the fol-
lowing 4 equations, are obtained:
C eua ¼ ðy1þ y5ÞN1 ð57Þ
H eub ¼ ð2y1þ 2y6þ y7þ y9ÞN1 ð58Þ
O eucþ 0:42 ¼ ð2y1þ y2þ 2y4þ y5þ y8þ y9þ y10ÞN1
ð59Þ
N eudþ 1:58 ¼ ð2y3þ y10ÞN1 ð60Þ
The chemical reactions considered in equilibrium, are as
follows:
0:5H2!H ð61Þ
0:5O2!O ð62Þ
0:5H2 þ 0:5O2!OH ð63Þ
0:5O2 þ 0:5N2!NO ð64Þ
H2 þ 0:5O2!H2O ð65Þ
COþ 0:5O2!CO2 ð66Þ
The use of the equilibrium constant is identical to maximis-
ing the entropy of the gas. This method is similar, when con-
sidering a restricted species list such as the present case [27].
Once the composition is known, the thermodynamic properties
of interest such as enthalpy, entropy, speciﬁc volume and inter-
nal energy, can be computed.
3.2.6. Nitric oxide (NO) formation model
The current approach to model the NOx emissions from diesel
engines is, to use the extended Zeldovich thermal NO mecha-
nism, by neglecting other sources of NOx formation. The
extended Zeldovich mechanism consists of the following
reactions:
OþN2!NOþN ð67Þ
NþO2!NOþO ð68Þ
NþOH!NOþH ð69Þ
This mechanism can be written as an explicit expression for
the rate of change of the concentration of NO.
The change of NO concentration is expressed as follows:
ðd ðNOÞÞ=dt ¼ 2ð1 a2ÞR1=ð1þ aR1=ðR2 þ R3ÞÞ ð70Þ
where Ri is the one-way equilibrium rate for the reaction i,
deﬁned as
R1 ¼ k1fðNÞeðNOÞe; R2 ¼ k2fðNÞeðO2Þe; ð71Þ
R3 ¼ k3fðNÞeðOHÞe; a ¼ ðNOÞ=ðNOÞe ð72Þ3.2.7. The net soot formation model
The exhaust of the CI engine contains solid carbon soot
particles that are generated in the fuel rich regions inside thecylinder during combustion. Soot particles are clusters of solid
carbon spheres, with the HC and traces of other components
absorbed on the surface. They are generated in the combustion
chamber in the fuel rich zones, where there is not enough
oxygen to convert all the carbon to CO2. Subsequently, as
the turbulence motion continues to mix the components, most
of these carbon particles ﬁnd sufﬁcient oxygen to react and
form CO2. Thus, soot particles are formed and consumed
simultaneously in the combustion chamber.
The net soot formation rate was calculated by using the
semi-empirical model proposed by Hiroyasu et al. [28].
According to this model, the soot formation rate (index sf)
and soot oxidation rate (index sc) were given by
dmsf
dt
¼ Asf mfev mfbu
 0:8
p0:5 exp Esf=RmolT
  ð73Þ
dmsf
dt
¼ Ascmsn po2=pð Þp1:8 exp Esc=RmolTð Þ ð74Þ
where, the pressures are expressed in bar and dmf is the
unburned fuel mass in kg to be burned in time step dt.
Therefore, the net soot formation rate is expressed as
dmsn
dt
¼ dmsf
dt
 dmsc
dt
ð75Þ
A computer program using MATLAB was generated, with
all the abovementioned equations and considering all the
values of the constants, in order to predict the combustion
attributes, such as the in-cylinder pressure, crank angle, heat
release rate, heat losses and the NO emissions.4. Results and discussion
4.1. Spray profile of diesel and BMDE15
In a CI engine, once the fuel is injected into the compressed air
stream in the cylinder, the fuel jet disintegrates into a core of
fuel surrounded by the spray envelope of air and fuel particles.
The spray envelope is created both by the atomisation and by
the vapourisation of the fuel. The turbulence of air in the com-
bustion chamber passing across the jet tears the fuel particles
from the core. A mixture of air and fuel is found at some loca-
tion in the spray envelope and the oxidation starts. Thus, the
study of formation of spray is important for any diesel fuel,
when it is used in a diesel engine. In this study, the fuel spray
patterns for diesel and the BMDE15 emulsion are obtained
using the MATLAB program. Fig. 2(a) and (b) shows the
spray proﬁle of diesel and BMDE15 respectively at full load.
It can be observed from both the ﬁgures, that near the noz-
zle exit the spray is narrow and further downstream at the
region of the spray body the spray widens, because of the dro-
plet breakup and collision phenomena and the interaction with
the induced gas ﬂow ﬁeld. Chemical properties such as density,
viscosity and surface tension will affect the spray angle. Diesel
has higher density and viscosity in comparison with the
BMDE15 emulsion. However, when surface tension is low,
spray droplet is prone to quickly break-up and wider disper-
sion and cause a relatively larger spray droplet. It is apparent
from Fig. 2(a) and (b) that BMDE15 has a smaller cone angle
with high penetration which may be due to the combined
effects of density, viscosity and surface tension.
Figure 2 (a) Diesel spray and (b) BMDE15 emulsion spray.
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4.2.1. Cylinder pressure
Fig. 3 depicts the experimental and simulated results of the die-
sel engines fuelled with diesel and BMDE15, at full load.
The simulated results of both the test fuels gave higher val-
ues compared to the experimental results. The lower cylinder
pressure for the experimental results may be due to the instru-
ments’ error, and physical condition during the experiments
and the uncertainty of the data. It is apparent from the ﬁgure
that the ignition of diesel is the earliest for the simulated results
followed by its experimental results, the BMDE15 simulated
results, and ﬁnally, the BMDE15 experimental results. The
peak cylinder pressure of a CI is predominantly inﬂuenced
by the ignition delay, the amount of fuel burnt in the initial
stage of fuel combustion and the mixture formation in the
delay period. The peak cylinder pressure for the BMDE15 is
found to be the highest, followed by the BMDE15 experimen-
tal results, diesel simulated and experimental results. The dif-
ference in the peak cylinder pressure of BMDE15 between
the simulated and experimental results is about 3%. The peak
pressure is shifted away from the top dead centre by about-30 0 30 60
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Figure 3 Cylinder pressure with crank angle for diesel and
BMDE15.5–7 CA. In the case of diesel, the peak cylinder pressure for
the simulated and experimental results is about 75–70.6 bar
which is attained close to the TDC. The peak cylinder
pressures of BMDE15 operation, both in the simulated and
experimental results, are higher than those of diesel operation,
due to longer ignition delay and better fuel mixture formation,
that results in more complete combustion. The deviation
between the simulated and the experimental results for diesel
and BMDE15 is about 2–4 CA respectively.
4.2.2. Ignition delay
Fig. 4 illustrates the variation of ignition delay at different
loads for diesel and BMDE15 operations. Ignition delay is
the time difference measured in crank angle between the start
of injection and start of combustion [25]. It is evident from the
ﬁgure, that the simulated and the experimental results for the
ignition delay for the diesel and BMDE15 operations follow
a similar trend. The ignition delay increases with the increase
in the load as a result of the increase in the cylinder gas
temperature. The ignition delay is found to be longer for the
simulated and experimental results for the BMDE15 operation
than those of diesel operation. It can be observed from the
ﬁgure, that there is about 5–10 CA deviation in the ignitionFigure 4 Variation of ignition delay with load.
Figure 6 Variation of smoke with load.
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the fuels. The ignition delay depends upon the pressure, tem-
perature, fuel and air mixture, equivalence ratio, ﬂame speed,
etc. During the engine operating condition, the cylinder wall
temperature may increase the fuel temperature. So, the chem-
ical reaction period may be accelerated; hence, the delay period
is shortened compared to the theoretical result. Also, the igni-
tion delay period may decrease in the lean and rich mixture
zones.
The calculated values for the ignition delay in the BMDE15
operation are higher than those of diesel values, which is due
to the inﬂuence of the temperature, pressure and the time of
injection. The longer ignition delay of the BMDE15 operation
than that of diesel operation throughout the load spectrum, is
due to the lower cetane number of BMDE15.
4.3. Emission parameters
4.3.1. NO emission
In a CI engine, the NOx emission is one of the major pollutants
and is predominantly inﬂuenced by the amount of oxygen
available, and the in-cylinder temperature [26]. The NOx emis-
sion is composed of NO, NO2, N2O, N2O5, NO3. Nitric oxide
is the major constituent and NO2 is a minor constituent, while
the others are negligible. At elevated temperatures (i.e.) above
1500 C, N2 can react with O2 faster and may result in more
NOx emission. As CI engines have a higher compression ratio
and are lean burn engines, the peak temperature is well above
1500 C; hence, there is a higher NOx formation. The compar-
ison between the simulated and experimental results for NO
emission from diesel and BMDE15 operations is shown in
Fig. 5. The brake speciﬁc NO emissions are obtained from
the simulation and experiments for both diesel and BMDE15,
show a declining trend as the load increases. This is because of
the increase in the load which is a denominator for the calcu-
lation of NO. The NO emission values obtained from the sim-
ulation and experiments are found to be lower than those of
diesel operation, because of the high latent heat of the vapouri-
sation of BMDE15.
An overall marginal deviation of 2–1% is noticed between
the simulation and experimental results of the NO emissionFigure 5 Variation of BSNO emission with load.values in diesel operation from no load to full load, while
the deviation is 2–1% from no load to full load in the
BMDE15 operation.
4.3.2. Smoke
The variation of the simulated and experimental results of
smoke emission for diesel and BMDE15 is shown in Fig. 6.
The simulated results of diesel for smoke emission are found
to be high compared to the experimental results of diesel
and the simulated and experimental results of BMDE15.
The smoke emission is a result of the oxygen unavailability
in the diffusion combustion phase, use of high molecular
weight fuel and the aromatic content of fuel [29]. Diesel has
a high carbon to hydrogen ratio, high molecular weight, less
oxygen and high aromatic content [30]. Hence, higher smoke
emission is observed with the diesel operation compared to
that of BMDE15 operation.
The deviation between the simulated and experimental val-
ues of diesel and BMDE15 is about 3% and 4% respectively,
at full load.5. Conclusion
A comprehensive two zone model was developed to validate
the experimental results that were obtained from a single cylin-
der, four stroke, air cooled, DI diesel engine run on two differ-
ent fuels, viz., diesel and BMDE15.
The following is the summary of the results:
 The spray pattern of BMDE15 is found to be better com-
pared to that of diesel. The better atomisation and vapouri-
sation of fuel is achieved with BMDE15 due to its lower
density.
 The experimental and simulated results show that the peak
cylinder pressure of the BMDE15 is found to be marginally
higher than that of diesel at full load. The deviation
between the simulated and the experimental results for the
diesel operation at full load is about 5%. In the case of
the BMDE15 operation, the deviation is about 3% at full
load.
1002 M. Sivalingam et al. The ignition delay of BMDE15 is found to be longer than
that of diesel in the entire engine operation. The values of
ignition delay obtained in the experimentation for both
the fuels are close to the values obtained by simulation.
– The NO emission of the engine run on the BMDE15 e-
mulsion is found to be lower than that of diesel which
is due to the high latent heat of vapourisation. This is
validated with the NO emission model. The deviation
between the simulated and experimental results for the
diesel and BMDE15 operations is about 7.1% and 5%
respectively, at full load.
– The smoke opacity is found to be lower for the BMDE15
operation compared to that of diesel. The smoke opacity
of BMDE15 obtained by simulation is higher by about
4% than that of the experiment.Acknowledgements
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